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SUMMARY

Gust-tunnel tests were conducted to determine if gust-load factors
for alrplanes wlith low-drag wing sections should be higher than those
for alrplanes with conventlonal wing sections. A model having a wing
wilth a low-drag section was used with smooth surfaces and with roughness
appllied to the leading edge to simulate the flow conditions for a
conventional sectlon. The results of the tests 1ndicate that, within
the limits of accuracy and precision required for present gust load
calculations, the low-drag and conventional airfoil sections show the
same slopes of the 1lift curve while traversing ‘gusts with gradient
distances up to at least 12 chords. For gust-load calculations, it is
suggested that, until further information 1s obtained, the section slope
of the lift curve of all alrfoils be assumed to have a value of approxi-
mately 6.0 per radian and that a simple correction for agpect-ratio '
effects be applied to obtain the slope of the 1lift curve for finite wings.

.

INTRODUCTION

In the determination of the deslign gust-load factor for an airplane,
an important parameter 1s the slope of the 1lift curve. Since the slopes
of the 1lift curve in steady-flow conditions for alrplanes having low-drag
wing sections may be some 10 percent higher than the slopes for airplanes
having conventional wing sections, this same difference would be observed
in the design gust-lcad-factor increments &g determined on the basis of
the present gust-load specifications. The higher design gust loads for
low-drag wings have been questioned since, because of the suspected lag
in the change of the boundary layer on a wing with a rapid change of
angle of attack, the steady-flow slopes of the lift curve for both low-
drag and conventional wings may not be applicable in the gust condition.
If this 1s the case, then higher deslign gust-load factors for alrplanes
having the low-drag type of alrfoll may not be Juatified.
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In order to obtain some information on whether higher gust-load
factors for alrplanes with low-drag airfoll sections are Justified,
gust-tunnel tests were conducted on & model with a low-drag wing section.
In one test conditlon, the wing surface of the model was smooth and, in
the second test condition, the leading edge of the airfoll was roughened
under the assumption that the roughness led to a slope of the 1lift curve
and a condltion of flow simulating that for a conventlonal airfoill. The
results of these tests, together with a discussion of their implications,
are presented in this paper.

METHOD AND APPARATUS

In order to obtain gust-tunnel test results under the same gust and
flying condltions but with two steady-Fflow slopes of the lift curve for
which the difference could be ascribed to a change in the boundary lsyer,
the wing of a skeleton airplane model equipped with a low-drag wing
gsection (fig. 1) was made aerodynamically smooth for & series of flights
and then the leading edge was roughened for a second series of flights.
The relative acceleration increments imposed on the model for the other-
wige simllar test conditione are then a measure of the slope of the lift-
curve that 1s applicable for unsteady-flow conditions.

The pertinent characteristics of the arbitrary model used in this
investlgation are glven in the followlng table:

Wolght, POUndE . «. & 2 o ¢ o o ¢ o o 4 ¢ ¢ o o o o s o o« « o « « » 11.84
Wing area, square £t . . o v & o ¢ 4 4 4 o 4 o o o o s o o o« o o o 5.4k
Wing loading, pounds/square foot". e 4 e e s s s e s e s s e e s . .2.18
Span, feet . . . « . . . . . B
Mean aserodynamic chord, G, POOL u u v e e 0.829
Aspect Tat10 ¢ ¢« ¢ 4 i i d e e e i e h i e e e e e e e e e e e e e 9
Taper YAatEI0 o o o 4 4 o o 4 6 s 6 s 6 s s s e 4 e 4 e e e e e .. 0.380
Center of gravity, percent © . . ¢« & v 4 ¢ 4« ¢« 4 &« o ¢ ¢« ¢ ¢ o« « « « 30.5
Wing sectlon . & ¢ ¢ ¢ ¢ o ¢ ¢ o o o« o ¢« o« « » o » NACA 653-h18, a=1.0

Lift-curve slope, per radian : -
Smooth wing (8teady FIoW) o «o 4 o ¢ o o o o o o o o o o o o+ s » 5.01
Roughened wing (steady £1oWw) e « « « o « o « o o o « o o o o o o o 4,18
TheoretlCal « + « o o o o o o o o o ¢ o o o ¢ o o o o o o ¢ o « » 5,41

A line drawlng of-the model is shown as figure 2. For tests in the
smooth condition, the wing of the model was very carefully finished to
obtain an aerocdynamically smooth surface. TFor tests in the rough condltion,
roughness was added by applying carborundum grains to_the lsading edge of
the wing. The grailn sizes used were 0.003-inch-dlameter grains from the
root sectlion to the 65-percent semispan station and 0.005-inch-diameter
grains from the 65-percent station to the wing tip. The roughness was
added so that about 10 percent of the ares over the forward 7.8 percent
of the chord on the upper and lower surfaces was covered by carborundum

grains.
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The lift-curve slopes shown 1n the foregoing table were obtained
from section data (reference 1) which included the Reynolde number
of the gust-tumnel tests. The roughness on the modesl was wlithin the
range of roughness Investigated In reference 1. The sectlion data were
corrected to finite aspect ratio by means of the methods presented in
reference 2. 1In the case of the roughened wing, the change 1n the
relative grain slze wlth the chord along the span made 1t necessary to
determine a welghted value of section lift-curve slope to which the
agpect-ratio correctlons could be applied. In addition to ths 1lift-
curve slopes based on the wind-tunnel tests of reference 1, the
theoretical lift-curve slope for the section was computed according to
the methods of reference 3, and the value corrected to finite aspsct
ratio has been included.

The model was equlpped wlith a small accelerometer that was located
in the wlng epproximately at the center of gravity of the model. Two
lights, shown in figure 1,were installed at the wing trailing edge and
on the tall of the model for use in the determination of the model speed
and pitching motion.

The Langley gust tunnel and associated apparatus used in this
investigation are equivalent in principle and in operation to the .
equipment described in reference 4, although tests of larger models at
higher flight speeds are possible with the present equipment. The nearly
vertical jet of alr provided by the Langley gust tunnel is about 8 by 1k
feet in size and can be adjusted to be normal to the flight path of the
model. A typlcal velocity distribution through the Jet or gust 1s shown
in Pigure 3 as ths ratio of local gust veloclty to the average maximum
gust veloclty plotted against the distance from the leading edge of the
gust tumnel in chord lsngths of the model wing. For these particular
tests, special screening was placed iIn the tunnel to reduce the turbulence
of the Jet to a minimum.

TESTS

The test flights were made for a forward speed of 75 miles per hour
through a sharp-edge gust with an average maximum velocity of about 8 feet
per second. The Reynolds number of thsd tests based on the mean asrodynamic
chord of the wing was approximately 0.53 X 106. Eighteen test flights
were made, elight of which were made with the wing in the smooth condition
and ten of which were made with the leading edge roughened. Flights were
made without a gust at intervals during the test flights in order to check
the trim and general flight characteristics of the model.

RESULTS

The records were evaluated to determine the forward speed, the gust
velocity, and the time history of the acceleration increment obtained for
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each flight through the gust. The maximum acceleration increment for
each flight was obteined from the time historles and was corrected for
minor variations from the specified test conditions on the basgls that
the acceleration increment l1s dlrectly proportlional to the forward speed
and the gust velocity (reference 4). The mean value of the, corrected
acceleration increments for the smooth and for the rough condltion of
the model are given in table I. In addition to obtaining the mean
value, the testTresults were utilized together with conventlional sta-
tistical procedures (reference 5) to obtaln the probable error of the
mean value shown 1in table I. The experimental data were also used to
obtaln the difference between the average acceleration lncrements for
the two test conditlons together with an estimate of the probable error
of thls difference, and the results are included in table I.

For purposes of comparison, the slopes of the 1lift curve derived
from wind-tunnel testdata and the method of reference 6 were used to
calculate the acceleration increments corresponding to the flight
conditions and these values, together with thelr difference, are included
in table I. An estimate of the accuracy of the determination of the
lift-curve slopes for the model was used to determine the limits of
reliabllity shown for the calculated results. In addition, the acceler-
ation increment, calculated by using the theoretical lift-curve slope
of the wings with the method of reference 6, 1s included in table I.

DISCUSSION

Inspectlion of table I shows that there is s difference of only
0.02g + 0.02g between the averages of the experimental maximum accelera-
tion increments for the two test conditlons as compared with a difference
of 0.26g + 0.08g between the values calculated on the basis of the slopes
of the 1lift curve for steady-flow conditions. The comparison of the
experimental and calculated differences 1ndlcates, therefore, that
roughening an alrfoll to produce a turbulent boundary layer has no effect
on the slope of the 1lift curve that 1s applicable in the unsteady-flow
conditions of a sharp-edge gust. This result may be extended to the
case of conventionel airfolls by the reasonable assumption that the flow
conditions for a conventional airfoll in the steady state are simulated
by those for the roughened low-drag wing. It may therefore be concluded
that alrfoil-section characteristics have no significant effect on the
acceleration incremsnt obtalned in the unsteady-flow condltlons of a
sharp-edge gust.

Since 1t has been found that, for design purposes, the most probable
gust 1s one with a gradient distance of about 10 chords, the averages of
the maximum acceleration increments for the two test conditions were
calculated for gusts with gradlent dlstances up to 12 chords by applylng
the principle of superposition (reference 7) to the test results for the
sharp-edge gust. The gradient distance 1s defined as the dlstance in the
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dirsction of flight over which the gust velocity veries linearly from
zero to a maximum value. The results of these calculations showed

only 2% percent difference between the average values at the gradient

distance of 12 chords. On,the basls of this simple analyseis, then, 1t

1s Indicated that alrfoil-section characteristics have no significant
effect on the acceleratlon increments experlenced by an airplsns in
traversing gusts having gradient distances from O to 12 chords. It

might be noted that, when the gust-gradlent distance becomes great enough
for the unsteady-flow conditions to approach thoge of -the steady state,
the difference 1n acceleration Increments for the rough and smooth
condltions would be expected to approach that indicated by the difference
in the steady-flow slopes of the lift curve. From the present tests,
however, speclfication of the gradient distance at which the difference
would become notlceable is not possible.

The agsumption that a lag in the development of the boundary layer
would influence the acceleration increments obtailned from the rapld change
of angle of attack of an alrplane traversing a gust appears to be borme
out by the agreement between the acceleration increments obtained for
the rough and smooth condition of the model wing (table I). In the
uneteady-flow condltions of a gust, 1t appears that there is no difference
in the rate of development of the boundary layer for the two test con-
ditions although, in steady-flow conditions, the difference In the rate
is sufficlent to caunse the difference in slope of the 1ift curve reflected
in the results of the calculation made by use of the steady-flow values
(table I). If the finite aspect-ratlio slopes of the 1lift curve given
for the various conditions are considered to be accurate, a qualitative
estimate of the rate of development of the boundary layer 1n unsteady-
flow conditions can be made by comparison of the experimental and calcu-
lated accelsration increments given in table I. It 1s apparent that if
no change occurred in the boundary-layer thickness, the experimental
results for both test conditions would be expected to agree with the
result calculated by using the theoretical slope of the 1lift curve for
the section. The comparison in table I of the experimental data with
calculated values, however, shows that the best agreement between
experiment and calculation is obteined with the values calculated by
use of the steady-flow slope of the 1ift curve of the smooth low-drag
wing. Some change therefore appears to occur in the thickness of the
boundary layer with the rapid change of angle of attack in & gust, but
this change is only that smell amount assoclated wlth steady-flow change
in angle of attack of a low-drag type wing section.

In the preceding discussion, 1t has been stated that ailrfoil sectlon
characteristics appear to have no effect on the acceleration increment
obtalned from encountering gusts with gradlent disgtances up to 12 chords.
This result indicates that the gust-load factor for an alrplane incorpo-
rating a low-drag wing section should be the same as that for the same
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alrplane with a conventlonal wing section. The results also indicate
that, for a wing of any sectlon wlth no fuselage interference, the use

of the high section slope of the 1lift curve of a low-drag wing together
with the more accurate methods of correcting to finite aspect ratio
would yileld the correct acceleration increment due to a gust. Consider-
ation of the basls of the determination of design gust-load factors
shows, however, that the level of gust-load factors should remaln at

the level assgoclated with the steady-flow lift-curve slopes of alrplanes
with conventional wing sections. In addlition, an unpublished analysis

of experimental datae on many more-or-less conventionsl alrplane models
with fuselages Indicates that the use of an arbitrary section slope of
the 1ift curve of about 6.0 per radian together with the simplest of
correctionsg to finlte aspect ratio would yleld the most satisfactory
gust-load factors wlthin the limits of present knowledge. ZFor the

time being, therefore, it is suggested that, for the calculation of gust-
load factors, & sectlion slope of the 1ift curve of 6.0 per radlan be
adopted and that the effect—of aspect ratioc on the siope of the 1ift-
curve be accounted for by the simple relation of times the sectlon

lift-curve slope where A 1s the aspect ratio.

CONCIUDING REMARKS

On the basls of gust=tunnel tests of a rough and smooth wing, it
is concluded that, within the limits of accuracy and precision required
for present gust=load calculations, the low-drag and conventional airfoll
gections show the same slopes of the 1ift curve whlle traversing gusts
with gradient distances up to at least 12 chords. For gust=load calcu-
lations, 1t 1s suggested that, until further Informstion 1s obtalned,
the mection slope of the 1li1ft curve of all alrfolls be assumed to have a
value of approximately 6.0 per radian and that a simple correction for
aspect-ratio effects be applied to obtein the slope of the 1lift curve
for finlte wings.

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics

Langley Field, Va., February 9, 1948
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TABIE I

COMPARISON OF EXPERIMERTAL AND CATCUTATED

ACCELERATTION INCREMENTS

Experimental values

Calculated values

Average maximum acceleration
lncrement, smooth-condition
flighta '

Average maximm ecceleration
increment, rough-condition
flighte

1.69g + 0.02g -

1.67g + 0.02g

Acceleration increment,
smooth codditicn, based
on section data of ref-
erence 1

Acceleration increment,
rough condition, based
on pection data of ref-
grence

1.73g + 0.08g

1.k7g + 0.08g

Difference between average
maximm acceleration incre-
menta for the two conditlions
(smooth minus rough)

0-023 i 00028

Difference between accel-
eration 1ncrements for
the two conditions
(smooth minus rough)

Acceleration incremsnt
for both conditions,
besed on theoretlical
1lift-curve mlope

0.26g + 0.08g’

1.84g
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Figure 1.- Model used for tests,
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Figure 2.— Line drawing of rmodel.
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